Flavomycin is a phosphoglycolipid antibiotic that promotes growth in ruminants. The aim of this study was to characterize the effects of flavomycin on ruminal micro-organisms and their metabolic consequences. In sheep receiving a mixed grass hay/concentrate diet, inclusion of 20 mg flavomycin day "1 decreased ruminal ammonia and total volatile fatty acid concentrations (P<0?001), but the acetate : propionate ratio was unchanged. Ruminal pH tended to be lower with flavomycin, and ammonia-production rates of ruminal digesta from control animals measured in vitro tended to be inhibited by flavomycin. Pure-culture studies indicated that anaerobic fungi, protozoa and most bacterial species were insensitive to flavomycin. Fusobacterium necrophorum was the most sensitive species tested, along with some high-activity ammonia-producing (HAP) species. Effects on F. necrophorum in vivo were inconsistent due to large inter-animal variation. HAP numbers appeared to be decreased. Changes in the rumen bacterial-community structure were assessed by using denaturing-gradient gel electrophoresis (DGGE) analysis of rumen digesta 16S rRNA. DGGE profiles differed from animal to animal, but remained consistent from day to day. The community structure changed when flavomycin was introduced. The roles of F. necrophorum and HAP species in ammonia formation and of F. necrophorum in the invasion of wall tissue are consistent with the observed effects of flavomycin on ruminal ammonia formation and, in other studies, on decreasing tissue-turnover rates.
INTRODUCTION
Flavomycin is a phosphoglycolipid antibiotic that has been used exclusively as an antimicrobial growth promoter since its discovery in the mid-1950s (Wallhausser et al., 1965; Bauer & Dost, 1971) . It has been used most extensively in pig-and poultry-production systems, but flavomycin also promotes growth in ruminants and a variety of other species (Rebolini et al., 1982) . Flavomycin inhibits bacterial growth by competitive inhibition of the enzyme that catalyses the transglycosylation reaction during peptidoglycan biosynthesis (Van Heijenoort et al., 1978; Huber, 1979; van Heijenoort, 2001 ). However, the growthpromotion mechanism of flavomycin, particularly in ruminants, is unclear. Its mode of action on the rumen microbial population appears to differ from that of the well-characterized ionophore class of antimicrobials (Febel et al., 1988) in that volatile fatty acid (VFA) proportions are generally unchanged (Cafantaris, 1981; Rowe et al., 1982; Galbraith et al., 1983; Ahrens, 1987; Febel et al., 1988; Masoero et al., 1991; Edwards et al., 2005) . Protein metabolism seems to be affected, not only in the rumen (Cafantaris, 1981; Van Nevel & Demeyer, 1987) , but also in the lower part of the digestive tract (Edwards et al., 2005) . In addition, flavomycin appears to decrease the turnover rate of gut-wall tissues (MacRae et al., 1999; Edwards et al., 2005) . The reasons for these responses, in terms of ruminal species sensitive to flavomycin, are not known.
Growth-promoting antibiotics, including flavomycin, are being phased out of animal production in Europe in anticipation of a total ban on their use at the end of 2005. It is important to discover how they work, in order that other, non-hazardous means can be devised to deliver a similar mode of action on the gut microbial community and to provide similar production benefits. The aim of the present study was to characterize the antimicrobial effects and metabolic consequences of flavomycin in the ruminal ecosystem. Some of these results have been presented previously in a preliminary form (McKain et al., 2000; Wallace et al., 2001; Edwards et al., 2002) .
METHODS
Animals and sampling. Experiments with ruminally cannulated sheep were carried out as a regulated procedure with Home Office permission. Four adult ruminally cannulated sheep received a maintenance diet [500 g hay, 299?5 g barley, 100 g molasses, 91 g fishmeal and 9?5 g vitamins and minerals (kg dry matter) 21 ], fed twice daily. Before (21 and 0 days) and after 7, 8, 14 and 15 days of daily flavomycin supplementation (250 mg Flavomycin 80 , which equals 20 mg flavomycin day 21 ; SCA Nutrition), ruminal contents were sampled 0, 1, 2, 4 and 6 h after morning feeding. The pH was measured immediately and samples were then processed for analysis of fermentation characteristics. On days 21, 0, 14 and 15, the 2 h samples were also used to enumerate viable bacterial populations [total viable anaerobes, Fusobacterium necrophorum and high-activity ammonia-producing (HAP) species]. Ruminal contents were also collected daily (2 h after morning feeding) throughout the experimental period and stored separately at 220 uC for later DNA extraction and analysis by denaturing-gradient gel electrophoresis (DGGE).
In an experiment to determine the effect of flavomycin on bacterial numbers in ruminal digesta and associated with the ruminal wall, 14 male, 6-month-old, 30 kg lambs were divided into two groups that were matched for weight. Both groups were fed the same grass hay/ concentrate diet as before for 6 weeks. For the last 2 weeks of this period, one group received 250 mg Flavomycin 80 day 21 . At the end of the 6-week period, animals were killed by lethal injection. Tissue samples were dissected from the dorsal sac of the rumen, then were placed into sterile universal bottles flushed with CO 2 . The universal bottles for ruminal wall-tissue collection contained 10 ml defined basal anaerobic diluting medium (Wallace, 1978) . Samples were transferred under CO 2 to the laboratory for processing and analysis.
The ruminal wall-tissue samples were taken into an anaerobic chamber and washed vigorously three times in 10 ml defined basal anaerobic diluting medium in order remove loosely attached bacteria. The keratinized papillae were cut away from the muscle layer of the washed tissue section by using a sterile scalpel and suspended in a pre-weighed universal bottle containing 10 ml defined basal anaerobic diluting medium. The papillae suspension was then homogenized (Ultra-Turrax T25 tissue homogenizer) for 1 min at 20 000 r.p.m. under CO 2 .
Samples of ruminal digesta (0?5 g) or homogenized rumen-wall papillae (0?5 ml) were used to prepare a tenfold dilution series (D1-D10) in defined basal anaerobic diluting medium. The serial dilutions were used to inoculate microtitre plates for the enumeration of total viable bacteria and F. necrophorum (below). The number of bacterial cells was calculated [(g wet digesta) 21 or (g rumen wall papillae) 21 ].
Analytical methods. Ruminal digesta samples were analysed for VFA content by GC as described previously (Newbold et al., 1995) . Ruminal concentrations of L-lactate were assayed enzymically (Hochella & Weinhouse, 1965) and ammonia was determined by using an adaptation of the phenol/hypochlorite method (Whitehead et al., 1967) .
Ammonia-production rates. The influence of flavomycin on ammonia production was determined in ruminal digesta in vitro and compared with the influence of the ionophore monensin. Samples of ruminal digesta were removed via the ruminal cannula from four sheep on the maintenance diet 3 h after feeding. Samples were kept warm and under CO 2 , and strained through four layers of muslin. Ammonia-production rates were measured by two different methods. The first method was intended to determine the rate of ammonia production from endogenous protein in ruminal digesta; the second method was that used by Russell et al. (1988) ) in ethanol. Samples (4 ml) were removed at 0, 0?5, 1, 2 and 4 h into 1?0 ml 30 % perchloric acid. The mixture was chilled and then centrifuged (15 000 g, 15 min, 4 uC) and ammonia concentration was measured in the supernatant. The ammonia-production rate was calculated by linear regression. Triplicate incubations were carried out in the batchculture incubation, carried out as described by Russell et al. (1988) , with the same additions as were carried out in the first method. Ammonia and protein concentrations were measured at 0 and 6 h. The specific rate of ammonia production was calculated from these values by using the mean of protein concentrations at 0 and 6 h. Ammonia-production rates of pure cultures were determined by the method of Russell et al. (1988) , using bacteria grown in Hobson's M2 liquid medium (Hobson, 1969) or in the defined medium of Russell et al. (1988) , which contains 15 g PCH l
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Micro-organisms. The bacteria used in this study are held in the Rowett Research Institute (RRI) culture collection or were obtained from the American Type Culture Collection (ATCC), German Collection of Microorganisms and Cell Cultures (DSMZ), Japanese Collection of Microorganisms (JCM) or were kindly gifted (see Tables 1 and 2 ). The ruminal fungal species (Neocallimastix frontalis R E 1, Neocallimastix patriciarum Cx and Piromyces sp. P) and archaeon (Methanobrevibacter smithii PS) used in this study were grown from stock cultures held in the RRI culture collection. Mixed ruminal protozoa samples were obtained from ruminally cannulated sheep receiving a maintenance diet as described above.
In vitro sensitivity of micro-organisms to flavomycin. A flavomycin reference standard, kindly donated by Hoechst AG, Frankfurt, Germany, was used for in vitro studies. The sensitivity of bacteria to flavomycin was assessed by using an MIC method. Sensitivity was defined as the lowest concentration of flavomycin that resulted in the decrease of bacterial growth by 50 or 90 % (MIC 50 or MIC 90 ). Cultures were inoculated in duplicate into Bellco tubes containing Hobson's M2 liquid medium supplemented with flavomycin (0?25-64 mg ml 21 ). After 48 h incubation at 39 uC, the growth of the cultures (OD 650 ) was compared to that of a control culture, grown in the absence of flavomycin, and the MIC value was determined. The flavomycin sensitivity of the archaeon M. smithii and ruminal fungi was determined in a similar manner, using gas production as an index of activity (Newbold et al., 1988) . This method was used because the OD 650 of the stationary-phase cultures was too low to be used reliably for the assessment of growth. The flavomycin sensitivity of mixed ruminal protozoa was determined by using the method of Wallace & McPherson (1987) .
Bacterial counts. Most-probable number methods were used for enumeration of total viable anaerobes (Dehority et al., 1989) , HAP species (Eschenlauer et al., 2002) and F. necrophorum (Tan et al., 1994) . The method was modified to allow quantification to be carried out in microtitre plates. Culture medium (160 ml) was added to sterile microtitre-plate wells in an anaerobic (80 % N 2 , 10 % CO 2 , 10 % H 2 ) workstation and 40 ml diluted sample was added in triplicate. Plates were sealed with a sterile adhesive film (Sigma), mixed and incubated for 72 h at 39 uC. The population size of total anaerobes and HAP bacteria was calculated by using most-probable number tables (Alexander, 1982) with values derived from the number of wells that showed positive growth (difference between 0 and 72 h OD 650 reading exceeding that of the uninoculated control wells by 0?05). The number of triplicate wells of each dilution that were positive for indole production (tested for with Kovacs reagent; Becton Dickinson) was used to determine the population size of F. necrophorum.
DNA extraction and PCR amplification. Ruminal digesta samples were washed with 10 ml 20 mM Tris/HCl, 2 mM EDTA (pH 7?0) containing 0?1 g polyvinylpolypyrrolidone prior to the direct extraction of DNA with the chemical and physical cell-lysis method of Tsai & Olson (1991) . DNA preparations were treated with RNase A and then purified with Wizard DNA clean-up resin (Promega). PCR amplification across the 16S rRNA V3 region was carried out by using the primers of Muyzer et al. (1993) , GC342f (59-CGCCCGCCGCGCGCGGCGGGCGGGGCGGGGGCACGGGG-GGCCTACGGGAGGCAGCAG-39) and 534r (59-ATTACCGCGGC-TGCTGG-39). Sample DNA (20 ng) was added to a 100 ml reaction mix containing 1 mM each primer, 0?8 mM dNTPs, 1?5 mM MgCl 2 , 50 mM KCl and 2?5 U Taq DNA polymerase in 10 mM Tris/HCl (pH 9?0). Amplification conditions were 25 cycles with 1 min at 94 uC for denaturation, 1 min at 55 uC for annealing and 2 min at 72 uC for extension, except for 5 min denaturation in the first cycle and 7 min extension in the last cycle. PCR amplification products were visualized on 2 % (w/v) agarose gels prior to DGGE analysis. DGGE profiles within the same gels were compared by using similarity trees. Each band position present in the gel was binary-coded for its presence or absence within a lane and each lane was compared by using a similarity matrix. Trees were constructed by using the Hamming distance values generated for each comparison (indicating the number of bands that differed between lanes) as an input for the NEIGHBOR program (PHYLIP version 3.6; Felsenstein, 2002) .
RESULTS

Influence of flavomycin on ruminal fermentation and metabolism
Flavomycin supplementation of the diet caused significant decreases in the ruminal concentrations of ammonia and total VFA (Table 3) . No significant interaction between flavomycin and the sampling time after feeding occurred (data not shown). Ammonia-production rates were measured in rumen digesta samples removed from animals receiving the control diet in order to determine the effects of flavomycin on deamination of endogenous substrates and of PCH by a batch-culture method (Table 4) . Ammonia-production rates in the different sheep were highly variable. As a consequence, although both rates of ammonia production decreased with flavomycin, differences were not statistically significant. The effects on rates were comparable to those obtained with monensin (Table 4) .
Sensitivity of ruminal micro-organisms to flavomycin in vitro
The growth-inhibitory effect of flavomycin on pure cultures of rumen bacteria was highly selective (Table 1) . Several species of HAP ('hyper-ammonia producing' or 'ammonia-hyper-producing') (Russell et al., 1991; Attwood et al., 1998) bacteria were sensitive to the antibiotic (F. necrophorum, a Desulfomonas-like species and Peptostreptococcus anaerobius), as was 'Atopobium oviles' and all of the Fibrobacter species tested. Gas production during growth of ruminal fungi and of the archaeon M. smithii were not affected by flavomycin, nor was the bacteriolytic activity of mixed ruminal protozoa (data not shown). In vitro susceptibility tests of F. necrophorum strains isolated from liver abscesses demonstrated that these were also sensitive to flavomycin (Table 2 ). Type strains of other Fusobacterium species isolated from the gut were also tested. Fusobacterium necrogenes, Fusobacterium pseudonecrophorum and Fusobacterium perfoetens were susceptible to flavomycin; however, the latter two required much higher concentrations of flavomycin to inhibit growth strongly. F. pseudonecrophorum and Fusobacterium varium have been suggested to be synonymous (Bailey & Love, 1993) ; however, their sensitivity to flavomycin differed. The rates of ammonia production varied in different Fusobacterium strains and also differed according to the growth medium (Table 2 ). The richer Hobson's M2 liquid medium gave a higher specific activity of ammonia formation than a simpler medium. The rates of ammonia production were comparable to those of Clostridium aminophilum, a well-known HAP bacterium ( Table 2) .
Effect of flavomycin on ruminal viable bacterial counts
Sheep on the control diet and receiving flavomycin were killed and the total anaerobic viable count and numbers of F. necrophorum in ruminal digesta and associated with ruminal wall tissue were determined (Table 5 ). F. necrophorum as a proportion of the total population was an order of magnitude greater in wall tissue than in digesta (0?27610 24 in digesta, 3?0610 24 in wall-tissue samples). Flavomycin had no significant influence on numbers of F. necrophorum in either sample type; however, the variation in numbers was very high. In order to investigate the influence of flavomycin on viable counts of both F. necrophorum and HAP bacteria, counts were made before and after the introduction of flavomycin and the results were expressed as a proportion of the total viable counts (Fig. 1) . The proportion of both categories of bacteria decreased following the introduction of flavomycin. HAP populations had the biggest day-to-day variations, whereas variation in numbers of F. necrophorum was mainly between animals.
Effect of flavomycin on the ruminal bacterial community as assessed by DGGE 16S rRNA gene analysis of the ruminal bacterial flora using DGGE confirmed that flavomycin caused distinct changes in the bacterial population (Fig. 2) . However, differences in microbiota composition between animals still remained larger than any treatment effect. After 7 days of flavomycin supplementation, the population structure did not fluctuate greatly, as was also indicated by the stabilization of the ruminal fermentation parameters. 
DISCUSSION
Although flavomycin has been used in livestock production for many years, its mode of action in growth promotion has not been clearly established. As with the majority of studies in ruminants in vivo (Rowe et al., 1982; Galbraith et al., 1983; Febel et al., 1988; Alert et al., 1991) , it was found here that flavomycin did not alter the proportion of different VFA, although a decrease in their concentration did occur. The decrease in the total VFA concentration correlated with a non-significant decrease in total viable anaerobic bacteria. Whether this change in number can solely account for the large change in acetate concentration is not clear. Several of the bacteria found to be flavomycin-sensitive in vitro do produce acetate, including 'A. oviles', Fibrobacter succinogenes and P. anaerobius. The numbers of these species in the rumen may be large enough to account for at least part of the decrease in acetate, if their numbers were decreased by flavomycin in vivo. However, as a large majority of rumen bacteria remains to be cultivated (Edwards et al., 2004) , trying to explain in vivo effects only on the basis of known cultivated organisms will always be a compromise until more is known regarding their metabolic activities.
The lack of response to flavomycin in the proportion of different VFA contrasts with the effects of ionophores, including monensin, salinomycin, narasin and tetronasin, which promote increased propionate formation (Nagaraja et al., 1997) . Thus, a different mode of action in terms of antimicrobial activity might be expected for flavomycin in comparison with the ionophores. Additionally, decreased tissue-turnover rates have been observed in sheep receiving flavomycin (MacRae et al., 1999; Edwards et al., 2005) ; as flavomycin is unlikely to have a direct effect on the animal itself, based on in vivo studies with germ-free animals (Reidel et al., 1974) , this suggested that one mechanism of action may involve bacteria-tissue interactions.
The spectrum of antimicrobial activity found with flavomycin did indeed differ markedly from the ionophores. Whereas ionophores inhibit Gram-positive bacteria in general (Nagaraja et al., 1997) , only a relatively narrow group of organisms was affected at flavomycin concentrations of <2 mg ml 21 , which is considered to be the theoretical maximal concentration of flavomycin in the rumen (Van Nevel & Demeyer, 1987) .
The Gram-negative, cellulolytic Fibrobacter species were among the most sensitive to flavomycin in vitro. Inhibition of cellulolysis would be detrimental to production efficiency. However, flavomycin does not appear to suppress cellulose and fibre degradation in vitro or in vivo (Cafantaris, 1981; Rowe et al., 1982; Bedo et al., 1984) , so it is probable that the cellulolytic activities of Ruminococcus species, ruminal fungi and ciliate protozoa may compensate for a decrease in fibrobacter numbers.
The main mechanism of action of flavomycin seems likely to involve two groups of bacteria, namely HAP species and the Gram-negative fusobacteria. Indeed, the results of the present study and also those of Attwood et al. (1998) indicate that Fusobacterium species have a very high rate of deamination and should also be considered HAP species. Some HAP bacteria were sensitive to flavomycin at concentrations of <2 mg ml
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, including a Desulfomonas-like species (Eschenlauer et al., 2002) , P. anaerobius (Russell et al., 1988) and F. necrophorum (Attwood et al., 1998) . 'A. oviles' was also highly sensitive to flavomycin; however, the deamination capacity of this acetate-producing bacterium is low, despite the fact that it was isolated under the same conditions as the Desulfomonas-like species (Eschenlauer et al., 2002) . These bacteria, which have high specific activities of deamination, cause the excessive conversion of dietary amino acids to ammonia (Russell et al., 1991) . Here, lower ammonia concentrations were observed in vivo with flavomycin, and ammonia-production rates tended to be lower in digesta with added flavomycin. Van Nevel & Demeyer (1987) reported that flavomycin caused a decrease in ammonia production from casein in vitro, without affecting the degradation of casein itself. The ability of flavomycin to restrict the conversion of amino acids to ammonia, through direct suppression of some ruminal HAP bacteria, would be consistent with these findings. Decreases in HAP bacteria as a proportion of the total bacterial population were also observed here, consistent with this proposed mechanism.
F. necrophorum was much more abundant on the ruminal wall than in ruminal digesta and, although no decrease in the ruminal wall population could be demonstrated in response to flavomycin, the numbers in digesta appeared to fall in response to the introduction of flavomycin into the diet. The ruminal lactate concentration increased as a result of flavomycin treatment. Although the concentrations were small, this may be consistent with F. necrophorum being a lactate utilizer. Ruminal digesta samples from two cannulated adult sheep from before ("1 and 0 days) and after (7, 8, 14 and 15 days) flavomycin dietary supplementation were analysed. DNA was extracted from rumen digesta samples and the 16S rRNA gene was amplified by PCR and separated by DGGE. DNA was visualized by using SYBR gold nucleic acid gel stain. DGGE profiles of samples from different sheep were compared by using similarity trees. Each band position present in the gel was binary-coded for its presence or absence within a lane and each lane was compared by using a similarity matrix. Trees were constructed by using the Hamming distance values generated for each comparison (indicating the number of bands that differed between lanes) as an input for the NEIGHBOR program [PHYLIP version 3.6 (Felsenstein, 2002) ].
F. necrophorum is generally regarded as an opportunistic pathogen (Langworth, 1977) . It attaches to ruminal epithelial cells (Kanoe & Iwaki, 1987; Takayama et al., 2000) , where it can proliferate and cause inflammation and necrotic lesions. Thus, suppression of F. necrophorum is also consistent with a lower rate of tissue turnover (Edwards et al., 2005) . As Fusobacterium species are present throughout the digestive tract in sheep (Edwards, 2003) and can also be found in pigs and poultry (Langworth, 1977) , the effectiveness of flavomycin elsewhere in the digestive tract of ruminants and in other species may result from the suppression of tissue invasion by Fusobacterium species. It is well-established that the problems of liver abscesses in cattle result from invasion by F. necrophorum (Nagaraja & Chengappa, 1998) .
Both the suppression of HAP activity and gut-tissue turnover may explain why flavomycin has been reported to have favourable effects on nitrogen metabolism in ruminants (Bedo et al., 1984; Alert et al., 1991) . Flavomycin enhances the absorption of amino acids in the gastrointestinal tract of fattening cattle, based on total amino acid balance data (Alert et al., 1991) . Paired with the decreased protein turnover observed in the gut, decreasing the tissue requirements for amino acids, flavomycin would appear to have the ability to increase the amount of amino acids available to the animal (MacRae et al., 1999; Wallace et al., 2001 ). This mechanism also offers a potential explanation for the ability of flavomycin to increase wool growth and the protein content of milk (Hamann, 1983; Murray et al., 1990 Murray et al., , 1992 .
The effects of flavomycin on the bacterial community were also investigated by molecular-community analysis using DGGE. Analysis demonstrated how different bacterialcommunity structures can be between individual animals and that this difference was maintained, despite the treatment of animals with flavomycin. At present, we have no real clue as to the animal factors that regulate the bacterial community so individually. Such factors may be important to find in order to understand how the host animal determines its own gut microflora.
In conclusion, this study demonstrated that flavomycin has the ability to alleviate metabolic burdens that are imposed by the flora of the rumen, through the direct suppression of ruminal HAP bacteria and F. necrophorum. As Fusobacterium species from pig and poultry were also sensitive to flavomycin, alleviation of immune challenges and ammonia-associated toxicity may also play a role in the promotion of growth in non-ruminant animals (Tan et al., 1996; Anderson et al., 2000) .
